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Anodic deposition of compact, freely-standing
or microporous polypyrrole films from
aqueous methanesulphonic acid
V. Caramia1,2, C. Ponce de Leon1, C. T. J. Low3 and F. C. Walsh*1
Freely-standing and flexible films (0.075 to 9 mm in thickness) of electrically conducting
polypyrrole were synthesised via anodic electrodeposition onto a stainless steel substrate from
methanesulphonic acid under stirred conditions at 295 K. Cyclic voltammetry was used to study
the effect of pyrrole monomer concentration (0.01 to 1.0 mol dm23) and methanesulphonic acid
level (1.0 to 6.0 mol dm23) on the formation of polypyrrole films. The films were prepared for
deposition times of 30–240 s at constant current densities of 1 to 15 mA cm22. The ionic
conductivity of freely-standing polypyrrole membranes in aqueous methanesulphonic acid was
studied. Scanning electron microscopy was used to image the surface microstructure. The
polypyrrole films, which were prepared in the oxidised (methanesulphonate doped), conductive
state, showed an ionic area resistance as low as 10 ohm cm2. The films were readily doped with
the methanesulphonate anion and the membrane ionic conductivity was dependent on the
electrolyte composition used for their deposition. In the presence of anodic oxygen evolution, the
films showed a ‘template-free’ porosity due to film growth around the bubbles.
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Introduction
Over the last 40 years, electrochemically synthesised
polymers, such as polypyrrole, have become established
as an important class of conductive coatings.1–7
Electrically conducting polypyrrole films can be synthe-
sised from aqueous or organic solvents by chemical and
electrochemical methods.1–7 Proposed applications of
these films include fields as diverse as: production of
elastic textile composites with high electrical conductiv-
ity,8 supercapacitors for energy storage and secondary
batteries using an array of aligned multi-walled nano-
tubes, coated with conductive polymer composites,9
improvement of the shear strength and toughness of
graphite fibres10 and the ability to electrically switch
between oxidised and reduced states leading to a highly
conducting or an insulating polymer.11 Deposition onto
a polished metal substrate results in noticeable differ-
ences between the smooth, substrate side and the
rougher, solution side of the detached film.
Electrochemical synthesis of conducting polymers offers
many advantages over chemical synthesis, including the
in-situ deposition of the polymer at the electrode surface,
hence ability to be processed and control of the
thickness, morphology and degree of polymer doping
by control of the quantity of electrical charge passed.1–7
The electrochemical route to polymerisation is often
favoured due to its control and ability to produce
compact polypyrrole films by direct anodic oxidation of
the pyrrole monomer
Pyrrole{ne{zxCH3SO3
{~doped polypyrrole (1)
in the presence of an anionic counter ion and dopant, such
as an alkylsulphonate. It is well-accepted that the
polymerisation takes place via a pyrrole radical cation
intermediate and the methanesulphonate counter ion
maintains charge balance within the polyprrole (Fig. 1).1,2
Polypyrrole films produced in organic solvents tend to
have improved coating properties compared to aqueous
electrolytes but the solvents can be toxic, highly
flammable and expensive. An aqueous solution is much
more practical to scale-up production and maintain low
costs but can produce powdery polypyrrole having a
limited coating lifetime. One method to improve the
coating properties involves the synthesis of polypyrrole
films in the presence of a conductive salt. The anions of
the conductive salt can be directly doped into the
polypyrrole films during polymerisation, producing a
thick, robust and stable coating.
For some applications, the films must be sufficiently
robust to be readily removable from the substrate for
further processing.1 This severely limits the choice of
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electrolyte and operating conditions; the majority of
studies concern thin films adhering to a metal electrode.2
Recent activities have increasingly focused on the
preparation of polypyrrole films from more environmen-
tally acceptable aqueous electrolytes such as methanesul-
phonic acid. This non-oxidising organic acid has an
electrolytic conductivity comparable to sulphuric acid but
is less corrosive and biodegradable.12 The acid has been
used as a green electrolyte in the surface finishing industry
and in flow batteries. Examples include cathodic deposi-
tion of metals,13 alloys,14 anodising of lightweight
metals11 anodic deposition of metal oxides15 and anodic
oxidation of environmental organic contaminants.16
Here, we report the anodic electrodeposition of
polypyrrole from methanesulphonic acid and show that
the methanesulphonate anions could be directly doped
into the polypyrrole during polymerisation leading to a
conductive, oxidised film. Other sulphonate anions such
as benzene-sulphonate, dodecyl-sulphonate, styrene-
sulphonate, vinyl-sulphonate and p-toluene-sulphonate
are well-known dopants.8,17 Such anions have typically
been incorporated into polypyrrole films following
polymerisation. These films have been synthesised at
low current density over a long deposition time to form
a stable, non-dendritic coating.
Polypyrrole films are characterised by measurement of
surface microstructure, cyclic voltammetry of pyrrole
and membrane ionic conductivity in methanesulphonic
acid. The effects of monomer concentration, methane-
sulphonic acid level, deposition time and applied current
density on the formation of polypyrrole films are
investigated here. These films can be prepared at high
current density in the doped and conductive state.
Freely-standing, flexible thick films can be readily
deposited while controlled porosity films are possible
via deliberate oxygen evolution templating.
Experimental details
Chemicals
The electrolytes contained 0.01 to 1.0 mol dm23 pyrrole
monomer in 1.0 to 6.0 mol dm23 methanesulphonic
acid. All chemicals were analytical reagent grade from
Sigma Aldrich UK.
Cyclic voltammetry
Cyclic voltammetry was performed in a glass, single
compartment, three-electrode glass cell of 20 cm3 volume.
The electrolyte temperature was maintained at 295¡2 K.
The working electrode was a stainless steel plate (SS430,
1 Schematic showing a anodic oxidation of pyrrole at inert anode to form staggered, p-delocalised electron backbone of
polypyrrole in n-electron change via radical cation intermediate in presence of b methanesulphonate counter ion,
CH3SO3
2 is used to balance electrical charge within polypyrrole ﬁlm
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18/8, Corus GmbH, Germany; area: 1.31 cm2). The
counter electrode was a platinum wire (Goodfellow,
UK; area: 0.61 cm2). Stainless steel plate was a mirror-
finished surface and both electrodes were used in the ‘as-
received’ condition. The reference electrode was a
saturated calomel electrode (3.5 mol dm23 KCl). The
electrode potential was linearly swept from 0 to
z1.6 V(SCE) at 16 mV s21 via a computer controlled
potentiostat (EcoChemie Autolab, PGSTAT20) using the
General Purpose, Electrochemical Software Version 4.5.
Constant current deposition
An undivided, beaker cell (volume: 100 cm3) was used for
constant current anodic deposition of polypyrrole films.
The working and counter electrodes (length: 4 cm, width:
5 cm, area: 20 cm2) were stainless steel plates (SS430, 18/
8, Corus GmbH, Germany). The electrodes were used in
the ‘as-received’ condition. They were placed parallel and
4.0 cm apart. A PTFE-coated steel magnetic stirrer bar
was used to generate flow in the condition at approxi-
mately 500 rev min21 (Fisher Scientific UK, dimension:
4.5 cm diameter, 0.8 cm length). The current was
provided using an external power supply (QL355T,
Thurlby Thandar Instruments, UK). The electrolyte
temperature was maintained at 295¡2 K.
Membrane ionic conductivity
Ionic conductivity of a freely-standing membrane was
measured using a four-electrode, glass electrochemical
cell similar in design to that described elsewhere.18 To
form a freely-standing membrane, four sides of the
deposited film on the stainless steel plate were cut using
a scalpel. The membrane was readily peeled-off the
plate. The ionic current was passed through a circular,
1.3 cm2 polypyrrole membrane via platinum mesh
electrodes (Goodfellow, UK; area: 2.0 cm2), 12.5 cm
apart. The electrolyte was 1.0 mol dm23 methanesul-
phonic acid each side of the membrane at 295¡2 K. The
current applied between two platinum electrodes was
linearly swept and the potential difference across the
membrane was measured using two identical, saturated
calomel reference electrodes (Radiometer Analytical, UK,
3.5 mol dm23 KCl). All membranes were used immedi-
ately. Electrochemical measurements were made via a
computer controlled potentiostat (EcoChemie Autolab,
PGSTAT20) using the General Purpose, Electrochemical
Software Version 4.5.
Surface microstructural analysis
The surface microstructure of the membranes was
imaged using high resolution scanning electron micro-
scopy (JEOL, JSM 6500F). An accelerating voltage of
10 kV was used and the imaging was carried out with a
working distance of 10 mm. The polypyrrole mem-
branes were dried in a vacuum chamber using argon gas
for 10 min before surface microstructural analysis.
Samples for SEM imaging were mounted in aluminium
stubs using an electrically conductive silver dag and
examined in the uncoated state.
Results and discussion
Substrate materials for deposition of freely-
standing polypyrrole film
During preliminary experiments, various carbon and
metal substrates were evaluated as the substrate for the
anodic deposition of polypyrrole. The challenges in
finding a suitable electrode material were (i) the
substrate had to remain stable and not dissolve or
oxidise during polypyrrole deposition and (ii) the
polypyrrole film could be readily detached from the
substrate to form a freely-standing membrane.
Aluminium, carbon–polymer, graphite, nickel and
titanium were considered but the general appearance
and quality of polypyrrole films deposited onto these
substrates were poor, despite surface polishing.
(A) cyclic voltammetry of pyrrole/polypyrrole recorded on stainless steel in different pyrrole concentrations in
0.5 mol dm23 methanesulphonic acid at 295 K. Concentration of pyrrole: (a) 0.2 mol dm23; (b) 0.4 mol dm23; (c)
0.6 mol dm23; (d) 0.8 mol dm23 and (e) 1.0 mol dm23. Electrode potential was linearly swept from 0 to z1.6 V(SCE) at
10 mV s21. (B) anodic peak current density versus pyrrole concentration
2 Effect of pyrrole concentration on anodic deposition of polypyrrole
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An AISI grade 430 stainless steel substrate readily
allowed the deposition of good quality polymer films. This
substrate had a mirror-finish and polypyrrole readily
nucleated on its surface. The polypyrrole films could be
grown up to a thickness of several millimetres. The
magnitude of electrolyte stirring was crucial to form a
compact film. Adequate stirring facilitated detachment of
oxygen bubbles from the surface of the growing film which
formed due to water oxidation at higher current density
2H2O{4e
{?O2z4HzE~1:229 V(SHE) (2)
Under static electrolyte conditions and at a potential
sufficiently positive for pyrrole oxidation (above
z1.3 V(SCE)) the polypyrrole was found to grow
around attached oxygen bubbles to form a highly
porous, electrolyte-filled, three-dimensional deposit in
a random templating.
Cyclic voltammetry of pyrrole oxidation
Figure 2a shows cyclic voltammograms for pyrrole
oxidation to polypyrrole recorded in an electrolyte
containing 0.2–1 mol dm23 pyrrole and 0.5 mol dm23
methanesulphonic acid at 295¡2 K. At an electrode
potential more positive than z0.6 V(SCE), the anodic
deposition of polypyrrole on the AISI 316L grade
stainless steel substrate initiated fast as evidenced by the
sharp increase in the anodic current density. The recorded
current density was high, e.g. tens of milliamperes,
compared to typical values of several milliamperes
reported in the literature1–6 due to the reasonably high
solubility of pyrrole monomer in methanesulphonic acid,
enabling reactant concentrations from 0.01 to
1.0 mol dm23. At the highest monomer concentration,
a single peak was observed at z1.2 V(SCE) due to the
oxidation of pyrrole to polypyrrole. At lower concentra-
tions of pyrrole the peak became less defined and the
highest current point shifted to negative values as the
monomer concentration increased. At a more positive
potential than z1.6 V(SCE) oxygen evolution addition-
ally occurred on the surface of the polypyrrole film. The
reduction of polypyrrole to pyrrole did not occur on the
reverse potential sweep indicating an irreversible oxida-
tion of pyrrole to polypyrrole.
Effect of concentration of pyrrole on deposition
of polypyrrole
Figure 2B shows the effect of pyrrole concentration on
the cyclic voltammograms. As expected, when a higher
concentration of pyrrole was used, the anodic peak current
3 Effect of methanesulphonic acid concentration on anodic
deposition of polypyrrole. Cyclic voltammetry of pyrrole/
polypyrrole recorded on stainless steel in different
methanesulphonic acid concentration in 0.2 mol dm23
pyrrole at 295 K. Electrode potential was linearly swept
from 0 toz1.6 V(SCE) at 10 mV s21
4 Surface morphology of polypyrrole membrane: a top sur-
face; b bottom surface and c cross-sectional view.
Polypyrrole ﬁlm (2.5 mm) was deposited from 0.01 mol dm23
pyrrole in 1.0 mol dm23 methanesulphonic acid at current
density of 0.5 mA cm22 for deposition time of 3600 s at elec-
trolyte temperature of 295 K
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density increased and could reach several hundred
miliamperes. The anodic peak current density, jp increased
linearly with concentration of pyrrole, c as shown in
Fig. 2B. This linear relationship indicates complete diffu-
sion control and follows the Randles–Sevc´ik equation19
jp~(2:69|10
5) n1:5 D0:5 c n0:5 (3)
Assuming reaction (1) to progress via an n52.25
electron loss per monomer unit,17,20 c is the pyrrole
monomer concentration and n is the kinematic viscosity
of the electrolyte. Using the value of the slope from
Fig. 2B, d(jp)/dc, the diffusion coefficient of pyrrole in
methanesulphonic acid, D was estimated to be approxi-
mately 1.4¡0.261026 cm2 s21. This is in agreement with
typical values of 1.3¡0.1561025 (Ref. 18) or
1.25¡0.161025 cm2 s21 found in the literature.21
Effect of methanesulphonic acid concentration
on polypyrrole deposition
Figure 3 shows the effect of methanesulphonic acid
concentration on the cyclic voltammetry. The charge
involved in the anodic deposition of polypyrrole was
estimated from the area under the curve.
Surface microstructure and cross-sectional
imaging of polypyrrole film
The as deposited polypyrrole film was black in colour.
Figure 4a–c shows scanning electron micrographs of an
as deposited polypyrrole film. The surface of the film,
which is in contact with the electrolyte appeared
roughened, compact and non-dendritic. The surface in
contact with the stainless steel substrate showed a finer
microstructure compared to the top surface. At the
initial stage of deposition, the growth of polypyrrole film
followed the surface profile of the substrate. At a later
stage, the film continued to grow but followed the
surface profile of the deposited film. As a result, the
surface microstructure became rougher as the polypyr-
role film grew. This finding was similar to typical
observations during the electrodeposition of metals from
aqueous electrolytes.
Polypyrrole films deposited at current densities as low
as 1 mA cm22 showed a compact finish while films
deposited at higher current densities, e.g. .10 mA cm22
showed an irregular, nodular surface finish. The poly-
pyrrole films could also be deposited at a constant
potential or incremental (staircase) current density to
produce thick, flexible film. The films produced by such
5 Scanning electron micrograph images of top surface of polypyrrole ﬁlms showing effect of pyrrole concentration and
methanesulphonic acid concentration on deposit morphology. Constant current density deposition for 60 min at
1 mA cm22 from electrolytes containing: a 0.01 mol dm23 pyrrolez0.5 mol dm23 methanesulphonic acid; b
0.6 mol dm23 pyrrolez0.5 mol dm23 methanesulphonic acid; c 0.6 mol dm23 pyrrolez1 mol dm23 methanesulphonic
acid; d 0.6 mol dm23 pyrrolez3 mol dm23 methanesulphonic acid
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methods showed a compact surface microstructure. The
scanning electron micrographs of Fig. 5 show the effect
of a, b pyrrole concentration and b, c and d methanesul-
phonic acid concentration on the film morphology during
constant current density deposition for 60 min at
1 mA cm22 from electrolytes containing: a 0.01 mol dm23
pyrrolez0.5 mol dm23 methanesulphonic acid; b 0.6 mol
dm23 pyrrolez0.5 mol dm23 methanesulphonic acid; c
0.6 mol dm23 pyrrolez1 mol dm23 methanesulphonic acid,
and d 0.6 mol dm23 pyrrole and 3 mol dm23 methane-
sulphonic acid. More compact, less porous films were
produced at a higher concentration of methanesulphonic
acid and a lower concentration of the pyrrole monomer.
Electrolytic resistivity of freely-standing
polypyrrole films
Figure 6 shows a plot of current density flowing versus
electrode potential across a freely-standing polypyrrole
film. The average resistance of the membrane was
estimated from the linear slope of the curve.18,21 It
showed that a polypyrrole film prepared in 4.0 mol dm23
methanesulphonic had a lower resistance as compared to
a film prepared in 1.0 mol dm23 methanesulphonic acid.
In Table 1, the estimated membrane area resistance was
shown for freely-standing polypyrrole films deposited
over a range of controlled conditions. The concentration
of methanesulphonic acid and charge density was found
to have a more pronounced influence on the membrane
area resistance of the polypyrrole film. The most
conductive membrane was achieved at higher concentra-
tions of methanesulphonic acid and at a lower deposition
charge density. The values of area resistance of the
present methanesulphonate doped films in the oxidised
state are comparable to those of polypyrrole films doped
with tetrafluoroborate anions.18,22
Karambelkar et al.23 have reported chemical synthesis
of pyrrole from methanesulphonic acid dopant using
persulphate oxidation of the monomer in an inverted
microemulsion using a surfactant-chloroform-acetone
solvent. A short reaction time of 70 min and a yield of
over 83% weight were reported at 20uC. While this is a
means of synthesising the pyrrole salt as bulk amor-
phous powder of mean particle size 4.4 mm, rather than
a controlled surface film of polypyrrole, it is interesting
to note the use of the methanesulphonate dopant. As in
the case of reaction (1), the mechanism of pyrrole
synthesis was considered to involve a pyrrole radical
cation.
Porous, three-dimensional layers at high
positive potentials
This study was largely aimed at the deposition of freely-
standing, compact films of polypyrrole having con-
trolled thickness at moderate electrode potentials and
6 Current density versus electrode potential across
freely-standing polypyrrole membrane in 1.0 mol dm23
methanesulphonic acid at 295 K. About 9 mm thick
polypyrrole ﬁlm was deposited from 0.01 mol dm23 pyr-
role in electrolyte containing N 1.0 mol dm23 methane-
sulphonic acid or . 4.0 mol dm23 methanesulphonic
acid at current density of 1 mA cm22 for deposition
time of 3600 s. # is response in absence of polypyr-
role membrane
Table 1 Membrane area resistance of freely-standing polypyrrole ﬁlms in 1.0 mol dm23 methanesulphonic acid*
Operating parameters used
to prepare polypyrrole thin films
from methanesulphonic acid
Membrane area resistance of freely-standing polypyrrole
thin film/ohm cm2
Concentration of methanesulphonic acid/mol dm23
1.0 42
2.0 35
4.0 10
Concentration of pyrrole/mol dm23
0.01 90
0.5 90
1.0 95
Applied current density/mA cm22
0.5 47
1.0 42
2.0 42
Deposition time/s
30 21
120 52
240 80
*Unless stated, the polypyrrole film was anodically electrodeposited onto stainless steel substrate from 0.01 mol dm23 pyrrole in
1.0 mol dm23 methanesulphonic acid at current density of 1 mA cm22 over deposition time: of 3600 s at electrolyte temperature of
295 K.
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current densities. During the study, it was also found
possible to deposit detachable and swollen polymer films
having marked porosity via the evolution of oxygen at
the surface of the polypyrrole film at potentials more
positive than z1.6 V(SCE) via reaction (2), typically at
current densities of 1–10 mA cm22.
This is effectively a template-less deposition of polymer
due to gas bubble voidage, the principles being indicated
in Fig. 7. The realisation of thick (1–10 mm), highly
flexible and free-standing polypyrrole film, having a
random, micropore structure, on a polished stainless steel
substrate using this technique is illustrated in Fig. 8. The
most reproducible conditions used a three-step sequence:
(i) anodic deposition of a thin, compact polypyrrole film
(ii) moderate anodic generation of O2 bubbles on the
top surface of the film
(iii) continued polymer deposition on the existing
film around the bubbles.
The gas bubble induced templating of porosity deserves
further study, particularly its control via bubble size. Other
examples of ‘template-free’ deposition of porous metal,24
metal oxide25 and polymer layers26–28 under different
operational conditions have been considered as have
general methods for template synthesis of conjugated
polymers.28 Such films may find applications as speciality
membranes or electrodes in batteries or supercapacitors.
Conclusions
1. Electrically conducting polypyrrole films were
anodically deposited onto a mirror-finish stainless steel
substrate from aqueous methanesulphonic acid. A wide
range of electrolyte compositions can be used including
0.01 to 1.0 mol dm23 pyrrole in 1.0 to 6.0 mol dm23
methanesulphonic acid at 295 K.
2. The oxidised polypyrrole films were readily doped
with methanesulphonate anion during polymerisation.
Compact and non-dendritic films up to 100 mm thick
were produced at a low deposition current density
(,1 mA cm22) in an electrolyte containing a low
concentration of pyrrole (0.1 mol dm23) and a high
concentration of methanesulphonic acid (6 mol dm23).
3. Freely-standing polypyrrole films of 10 mm thick-
ness showed membrane area resistances of 10–
95 ohm cm2 in 1 mol dm23 methanesulphonic acid at
295 K. The membrane ionic conductivity was dependent
on the reaction environment (current density, deposition
time, pyrrole level and methanesulphonic acid concen-
tration). The most conductive membranes were achieved
in a high concentration of methanesulphonic acid
(6 mol dm23) at a low deposition current density
(0.2 mA cm22).
4. Porous, swollen polymer films were achieved at
high current densities in the presence of oxygen
evolution as a secondary reaction and deserve further
attention due to the possibility of steering pore shape
and size by selection of electrolyte composition and
control of electrode potential or current density.
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tion of O2 bubbles on top surface of film via secondary
reaction beginning to evolve at polymer surface; c conti-
nuation of anodic polymer deposition and growth on
existing film and around bubbles forming microporous
layer
7 Principle of anodically forming porous polypyrrole ﬁlm
using templating by evolved oxygen bubbles using
three-step sequence
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